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Abstract—This paper proposes a distributed secondary voltage
control method based on extended state Kalman-Bucy filter
(ESKBF) and fast terminal sliding mode (FTSM) control for the
resilient operation of an islanded microgrid (MG) with inverter-
based distributed generations (DGs). To tackle the co-existence of
multiple uncertainties, a unified modelling framework is proposed
to represent the set of different types of disturbances, including
parameter perturbation, measurement noise, and immeasurably
external variables, by an extended state method. Kalman-Bucy
filter is then applied to accurately estimate the state information
of the extended DG model. In addition, based on the accurate
estimation, a fast terminal sliding mode (FTSM) surface with
terminal attractors is designed to maintain the system stability
and accelerate the convergence of consensus tracking, which
significantly improves the performance of secondary voltage
control under both normal and plug-and-play operation. Finally,
case studies are conducted in both MATLAB/Simulink and an
experimental testbed to demonstrate the effectiveness of the
proposed method.
Index Terms—Islanded microgrids, distributed robust control,
extended state observer, disturbance resilient, fast terminal slid-
ing mode control.
I. INTRODUCTION
M ICROGRID (MG) is a promising concept that supportsthe integration of distributed generation (DG) into
traditional bulk electric power systems [1], [2]. A MG is a
group of interconnected loads and distributed energy resources
within clearly defined electrical boundaries that acts as a single
controllable entity with respect to the grid, and it can connect
and disconnect from the grid to enable it to operate in both
grid-connected and islanded (autonomous) modes [3]. While
the dynamics of grid-connected MG are determined by the
main grid, the stability of islanded MG highly relies on the
underlining control strategy [1], [4].
To stabilize islanded MGs, a three-layer control structure
has been proposed, including primary, secondary and tertiary
control [5], [6], [7]. Primary control [5] is implemented locally
to guarantee the stability of MGs by only using the local
DG’s information [8], while at the same time, secondary
and tertiary control [7], [9], [10] are employed to ensure the
voltage and frequency of MG being regulated to the refer-
ences and the optimal power sharing. In general, the different
levels differ in control goals and infrastructure requirements
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(i.e.,communication requirements) [1]. The microgrid can ben-
efit from this control hierarchy by decoupling control goals in
terms of response speed and time frame, and DGs can respond
to the load change independently thanks to the primary control
that does not require communication.
The conventional secondary control is designed in a central-
ized mode [11], [12], where DGs receive control commands
from a center controller. Due to the reliance on the communi-
cation network, the key drawbacks of centralized approach are:
1) high communication delays that might degrade the control
performance; 2) poor plug-and-play capability; 3) low fault
tolerance due to all-to-one control scheme [1], [13].
These drawbacks have been overcome by the development
of distributed control scheme [14], [15] and multi-agent sys-
tem [13], [16]. In the existing literature for the distributed
control of MG, the feedback linearization has been widely
used to simplify the modelling of DG inner control loops by
transferring the highly-nonlinear MG voltage control model
into a single-input single-output second-order model [17],
[18]. Nevertheless, after the application of feedback lineariza-
tion, one complex variable is required to represent the total
non-linearity, consisting of many voltage and current vari-
ables. This complex variable is contaminated by inevitable
measurement noise, the effect of which on the linearized
MG control model has not been fully investigated. Thus, it
is vital to evaluate and potentially eliminate the influence of
measurement noise in the control system design.
Moreover, the co-existence of disturbances caused by dif-
ferent sources such as parameter perturbation and measure-
ment noise has not been fully investigated. Although robust
distributed control [19], [20] and noise-resilient control [21],
[22] have been applied respectively, these control methods
cannot simultaneously consider multiple types of disturbances
in an efficient manner. The effect of the measurement noise
on the MG secondary control has not been considered in [17],
[18], [23], [24], though these methods show good robustness
against parameter perturbation or other unmodeled uncertainty.
The existing methods tend to consider the multiple distur-
bances separately, while a systematic and unified disturbance
modelling framework has yet to be developed. The recent
development of advanced disturbance-resilient methods in
control theory, such as adaptive filter algorithms [25], [26],
provides a strong theoretical basis to develop such modelling
framework.
In addition, plug-and-play operation in the multi-DG net-
work may lead to frequent and significant voltage fluctuations,
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2which imposes a vast challenge on the fast restoration of the
MG voltage. In this circumstance, the convergence rate in the
distributed control of MG has received increasing attention.
Some distributed control methods [18], [23], [24] has been
designed for MGs to achieve finite-time convergence rate.
However, the convergence of finite-time control protocol relies
on its initial states, and the plug-and-play operation may cause
unknown or diverse system initial states. For the MG system
that emphasizes on the plug-and-play capability, a novel con-
trol strategy for resilience enhancement is required to alleviate
such impact by improving the convergence performance.
To mitigate the aforementioned problems, a distributed
robust fast terminal sliding mode (FTSM) secondary voltage
control method based on extended state Kalman-Bucy filter
(ESKBF) is proposed in this paper. The ESKBF employs an
extended state to denote the combination of different types of
uncertainties, including parameter perturbation, measurement
noise and immeasurably external variables. The proposed
FTSM control enhances the convergence rate of MG voltage
control, where the settling time of the distributed controller
can be reduced. The main features and contributions of the
proposed control method is summarized as follows:
1) Linearized control-oriented model formulation under a
unified modelling framework for multiple sources of
disturbances: unlike the traditional disturbance observer
that targets at filtering out exact disturbance magnitude,
we integrate the multiple disturbances related to param-
eter perturbation, immeasurable variables and measure-
ment noise into one extended state which was originally
used to only represent the complicated nonlinear part
of MG model caused by feedback linearization. This
formulation significantly simplifies the observer design
under multiple sources of disturbance.
2) Multi-disturbance resilient observer design: to obtain the
accurate model state for the control implementation, the
impact of multiple-source disturbance is first described
by a combination of process noise and observation noise
in the system model. Kalman-Bucy filter is then utilized
to design a multi-disturbance resilient observer that can
estimate the extended state value and cope with stochas-
tic measurement noise without complicated parameter
selection process required in the existing extended state
observer design [27].
3) Faster convergence rate: to accelerate the convergence
rate in the MG distributed voltage control for plug-
and-play operation, a FTSM surface is designed by
employing nonlinear terminal attractors to guarantee a
faster convergence rate when the system is close to
equilibrium. To achieve this, we propose a nonlinear
control protocol and prove its global stability. Through
the coordination of FTSM control and the proposed
nonlinear control protocol, the voltage control of MG
can achieve globally consensus stability with short set-
tling time. In addition, this control framework can be
extended to balance voltage regulation and accurate
reactive power sharing.
This paper is structured as follows. In Section II, prelimi-
Fig. 1. Block diagram of an inverter-based MG.
nary notions of graph theory and the detailed model of islanded
MG are introduced. Section III introduces the ESKBF-based
observer for MG voltage control, and in Section IV, the
FTSM secondary voltage control is discussed. Then, Section V
illustrates the implementation structure of the proposed con-
trol scheme. Finally, simulation and experimental results are
analyzed in Section VI and the conclusion and future work
are discussed in Section VII .
II. PRELIMINARIES AND MODEL DESCRIPTION
A. Preliminary of Graph Theory
The communication topology among DGs in a MG can
be modeled as a weighted graph G = {V, E ,A} with a node
set V = {v1, v2, · · · , vN}, an edge set E ⊂ V × V , and a
weighted adjacent matrix A = [aij ] ∈ RN×N . If DG node vi
can receive information from DG node vj , edge (vj , vi) ∈ E
and set Ni = {j|(vj , vi) ∈ E} means neighbors of node i. For
adjacent matrix A, elements aii = 0 and aij ≥ 0. aij > 0 if
and only if (vi, vj) ∈ E . The Laplacian matrix of G is defined
as L = [lij ] = D −A ∈ RN×N , where D = diag{di} denotes
the in-degree matrix with di =
∑
j∈Ni aij [28].
A MG can be modeled as a leader-following multi-agent
system with N DGs. In this leader-following structure, the
frequency and voltage references are only available to a small
portion of DGs (as “leader”). Other DGs (as “followers”)
have neighboring information through a sparse communication
structure, and then “followers” can track to the “leader” DGs’
frequency and voltage. The adjacency matrix extended by
the reference node is denoted as B = diag{bi} ∈ RN×N ,
in which if the reference node is a neighbor of node vi,
bi > 0; otherwise, bi = 0. The corresponding Laplacian matrix
L = L+ B.
B. Large-Signal Dynamic Model of MGs with Inverter-Based
DGs
As depicted in Fig.1, each DG unit contains a DC/AC in-
verter, an inductor-capacitor (LC) filter and a resistor-inductor
connection, and its controller is composed of three control
loops formulated on its own direct-quadrature frame (d− q)i
at rotating frequency ωi: power control loop, voltage control
loop and current control loop [17], [18].
The power control loop of each DG controller generates the
angular frequency and voltage references for the whole DG
3system, while voltage and current loops enable the inverter
system to track the angular frequency and voltage references.
Droop control [8] is typically used in the power control loop,
and it can describe the relationship between angular frequency,
output voltage magnitude and power output:
ωi = ωni −mPiPi (1)
v∗o,magi = v
∗
odi = Vni − nQiQi (2)
v∗oqi = 0 (3)
where ωi is the angular frequency of the ith DG; v∗odi and
v∗oqi are the d-axis and q-axis components of v
∗
o,magi, and
v∗odi = v
∗
o,magi due to the fact that v
∗
o,magi often aligns itself on
the d-axis; Pi and Qi are the active power and reactive power;
mPi and nQi are the frequency and voltage droop coefficients,
which are selected based on the active and reactive power
ratings of each DG [7]; ωni and Vni are references for primary
control that are generated from the secondary control.
The power elements Pi and Qi are obtained by instanta-
neous power calculation and low-pass filter, which can be
expressed as follows:
Pi =
ωci
s+ ωci
(vodiiodi + voqiioqi) (4)
Qi =
ωci
s+ ωci
(voqiiodi − vodiioqi) (5)
where vodi, voqi, iodi, ioqi are the d-axis and q-axis components
of output voltage voi and output current ioi. ωci is the cut-off
frequency of low-pass filter.
To model all DG inverters synchronized in the common
frequency frame with the rotating frequency ωcom, δi is
employed to represent the angular frequency difference of the
ith DG unit compared to the common reference frame:
δ˙i = ωi − ωcom (6)
The dynamics of voltage and current control loops have
been discussed in [17], [18], [24], and are omitted here. By
combining dynamic models of the three control loops and LC
filter, the large-signal dynamic model of the ith DG over a
MG system can be detailed as the following multi-input multi-
output (MIMO) nonlinear system:
x˙i = f i(xi) + gi(xi)ui + ki(xi)di (7)
where the state vector is
xi = [δi Pi Qi φdi φqi γdi γqi ildi ilqi vodi voqi iodi ioqi]
T
and system input ui = [ωi Vni]T ; di = [ωcom vbdi vbqi]T are
the considered disturbance.
It should be noted that the dispatchable DGs considered
in this paper are controlled by grid-forming inverters [29]. A
class of grid-forming inverters with the droop control loop
have been widely adopted in the current secondary control
scheme of MGs [23], [24], [30]. The DGs that operate in
maximum power tracking mode are normally controlled by
grid-supporting or grid-feeding inverters, and dispatched in
different layers [31].
III. EXTENDED STATE OBSERVER DESIGN FOR
SECONDARY VOLTAGE CONTROL
In this section, to enhance the resilience and robustness of
secondary voltage control of MG, an extended state observer
is designed to mitigate the influence of multiple sources of
disturbance on the control performance.
A. Model Linearization of Nonlinear Systems
For the secondary voltage control of MG, the ith DG system
model (7) can be described as the following single-input
single-output (SISO) system:
x˙i = f i(xi) + gi(xi)ui + ki(xi)di
= F i(xi) + gi(xi)ui
yi = vodi = hi(xi)
(8)
where ui = Vni.
By applying feedback linearization method, the nonlinear
system (8) can be transformed into:
y˙i,1 = v˙odi = yi,2
y˙i,2 = v¨odi = L
2
F ihi(xi) + LgiLF ihi(xi)ui
yi = yi,1 = vodi
(9)
and 
LF ihi(xi) =
∂hi
∂xi
F i(xi)
LkF ihi(xi) =
∂Lk−1F i hi
∂xi
F i(xi)
LgiL
k−1
F i
hi(xi) =
∂Lk−1F i hi
∂xi
gi(xi)
(10)
where LF ihi(xi) represents the Lie derivative [32] of hi(xi)
along F i(xi).
Define zi = L2F ihi(xi) + LgiLF ihi(xi)ui, the system (9)
can be expressed as a second-order linear system:
y˙i,1 = yi,2
y˙i,2 = zi
yi = yi,1 = vodi
(11)
and the input of the nonlinear system (8) is
ui =
zi − L2F ihi(xi)
LgiLF ihi(xi)
(12)
B. Control-Oriented Model Formulation Considering System
Disturbances
Although the second-order linear system model (11) is
simple and convenient for the design of distributed secondary
voltage control, it is difficult to obtain the accurate value of
system state yi,2 in (11) and the original system input ui in
(12).
The state yi,2 = v˙odi is in the differential form and can not
be directly obtained in the industrial practice. Therefore, to
avoid the differential operation, the state can be accessed by
the equation described in (7):
v˙odi = ωivoqi +
ildi − iodi
Cfi
(13)
4To obtain the original input ui in (12), the two variables,
L2F ihi(xi) and LgiLF ihi(xi), which consist of a large num-
ber of measurement variables, can be expressed as
L2F ihi(xi) =(−ω2i −
KPciKPvi + 1
CfiLfi
− 1
CfiLci
)vodi
− ωbKPci
Lfi
voqi +
Rci
CfiLci
iodi − 2ωi
Cfi
ioqi
− Rfi +KPci
CfiLfi
ildi +
2ωi − ωb
Cfi
ilqi
− KPciKPvinQi
CfiLfi
Qi +
KPciKIvi
CfiLfi
φdi
+
KIci
CfiLfi
γdi +
1
CfiLci
vbdi
(14)
LgiLF ihi(xi) =
KPciKPvi
CfiLfi
(15)
where ωb is the rated frequency of the MG; vbdi represents
q-axis voltage at the connection bus between DG and MG;
ildi, ilqi denote the d-axis and q-axis currents of filter induc-
tance; KPvi,KIvi and KPci,KIci denote the proportional,
integral gains of voltage and current control loops respectively;
Rfi, Lfi, Cfi denote resistance, inductance and capacitance
values of LC filter; Rci, Lci denote output resistance and
inductance values.
From (13)-(15), it is clear that the intermediate variables
v˙odi, L2F ihi(xi) and LgiLF ihi(xi) mainly consist of three
different parts, measurable variables, immeasurable variables
and parameters. To fully investigate the effects of the existing
disturbances, we consider three corresponding uncertain fac-
tors: measurement noise, exogenous disturbance and parameter
perturbation.
For the secondary voltage control of MG, the influence of
measurement noise cannot be ignored as such noise can be
amplified by inductance and capacitance values that are rela-
tively small (order of magnitude: 10−3 or 10−6). Exogenous
disturbance from immeasurable variables and parameter per-
turbation can bring deviation to L2F ihi(xi) and LgiLF ihi(xi),
thus reducing system controlling accuracy. Moreover, for those
measurable variables such as voltages and currents inside
the inverters, if the intermediate variables by (13)-(15) are
introduced in the control system, a large number of mea-
surement units need to be deployed for direct measurements.
Therefore, to overcome negative effects of the aforementioned
disturbance, an extended state observer is employed to observe
accurate values of v˙odi, L2F ihi(xi) and LgiLF ihi(xi).
The linearized model considering system disturbance for the
ith DG (9) can be extended as:
y˙i,1 = yi,2
y˙i,2 = ξi + gi,0ui
ξ˙i = ψi
yi = yi,1 = vodi
(16)
where
gi = gi,0 + ∆gi = LgiLF ihi(xi) (17)
ξi = L
2
F ihi(xi) + ∆giui (18)
[yi,1 yi,2]
T is the original state vector, while ξi is the extend
state; gi,0 and ∆gi denote nominal value and the deviation
caused by parameter perturbation of gi respectively.
Through introducing ξi, the effect of the uncertainty in
gi is removed by using the constant nominal value. More
importantly, the extended state ξi represents the sum of DG
inner control loops’ dynamics and total uncertainties caused
by exogenous disturbance, parameter perturbation and the
measurement noise. As a result, the problem of calculating
the three variables (13)-(15) is converted to obtain the values
of ξi and yi,2, which can be directly obtained as the state
variables in the system (16) by filtering out the influence of
zero-mean and high-frequency measurement noise.
C. Multi-Disturbance Resilient Extended State Observer De-
sign Based on Kalman-Bucy Filter
The extended state system model (16) can be written in a
matrix form:
[
x˙v,i
ξ˙i
]
=
[
A E
0 0
][
xv,i
ξi
]
+
[
B
0
]
ui
+
[
0
ψi
]
+wi
yi =
[
C 0
][ xv,i
ξi
]
+ νi
(19)
where xv,i = [vodi v˙odi]T denotes original state vector in the
second-order system; wi = [wx,i 0]T and νi respectively
represent the process noise and the observation noise; the
corresponding constant matrices are
A =
[
0 1
0 0
]
,B =
[
0
gi,0
]
,C =
[
1 0
]
,E =
[
0
1
]
.
To simplify the observer design, system (19) can be ex-
pressed as{
x˙ex,i =Aexxex,i + Bexui + Ψi +wi
yi =Cexxex,i + νi
(20)
where
xex,i =
[
xv,i
ξi
]
,Ψi =
[
0
ψi
]
,
Aex =
[
A E
0 0
]
,Bex =
[
B
0
]
,Cex =
[
C 0
]
.
Assumption 3.1: The process noise and the observation noise
are energy limited:
E{wx,iwxT,i} ≤ Qx (21)
E{νiνTi } ≤ Rx (22)
where Qx > 0 and Rx > 0; Qx and Rx are upper bounded.
Assumption 3.2: The unknown dynamics are upper bounded:
E{ψiψTi } ≤ Qξ and Qξ > 0.
5To design multi-disturbance resilient observer based on the
model (20), a novel observer, combining extended stated ob-
server with Kalman-Bucy filter, can be fomulated as follows:
ˆ˙xex,i =Aexxˆex,i + Bexui +Ki(yi −Cexxex,i)
P˙ i =AexP i + P iA
T
ex −KiCexP i +Qi
Ki =P iC
T
exR
−1
i
(23)
where
Qi =
[
Qx 0
0 Qξ
]
,Ri = Rx
It is noted that the estimation error of the initial state is
bounded, and the initial parameter P i,0 is selected by satisfy-
ing E{(xex,i − xˆex,i)(xex,i − xˆex,i)T } ≤ P i,0, Furthermore,
the conditions in Assumption 3.1 and Assumption 3.2 can be
met due to the limited power of the systems in practice [33].
Thus, parameters Qi,Ri can be selected accordingly, sup-
ported by the simple dynamics of the extended system (19).
IV. DISTRIBUTED ROBUST FAST TERMINAL SLIDING
MODE SECONDARY VOLTAGE CONTROL
In this section, a distributed fast terminal sliding mode
(FTSM) control strategy is introduced to select the appropriate
voltage control input Vni to guarantee the voltage magnitude of
DGs following the voltage reference vref , vo,magi = vodi →
vref . The proposed FTSM control strategy can address the
consensus tracking problem of linear second-order system (11)
with the reference vref . Then, to realize the trade-off between
voltage regulation and accurate reactive power sharing, the
extension of the proposed FTSM control strategy is also
provided.
A. Voltage Regulation
The corresponding reference with regard to the second-order
system (11) is {
y0 =vref
y˙0 =0
(24)
which is commonly accessible to one DG node, thus the
tracking errors of local neighborhood state for the ith DG
node can be denoted as
ei,1 =
∑
j∈Ni
aij(yi,1 − yj,1) + bi(yi,1 − y0)
ei,2 =
∑
j∈Ni
aij(yi,2 − yj,2) + biyi,2
(25)
To solve the above tracking control problem, the following
FTSM surface is designed
si = ei,2 + ce
m/n
i,1 + de
p/q
i,1 (26)
where c, d > 0, and m,n, p, q are positive odd integers
satisfying m > n, p < q. The nonlinear terminal attractors
e
m/n
i,1 and e
p/q
i,1 are applied to improve the convergence rate.
More especially, the term ep/qi,1 can improve the convergence
rate when the system is close to the equilibrium [34].
To solve the sliding mode surface (26), nonlinear function
sig(x)a = sgn(x) |x|a with signum sgn(x) [35] is employed
to design the control law for the system (11) as follows:
zi =
∑
j∈Ni
aij + bi
−1 [ ∑
j∈Ni
aijzj − αsig(si)2
− βsgn(si)−
(
c
m
n
e
m/n−1
i,1 + d
p
q
e
p/q−1
i,1
)
ei,2
] (27)
where α, β > 0.
Using the control law (27) under the sliding model surface
(26), the distributed secondary voltage regulation problem can
be solved with the stability guaranteed.
Proof: To verify the system stability under the control law
(27), consider the following Lyapunov candidate function:
V =
1
2
N∑
i=1
s2i (28)
and the time derivative of V can be obtained as
V˙ =
N∑
i=1
sis˙i
=
N∑
i=1
si
[
e˙i,2 +
(
c
m
n
e
m/n−1
i,1 + d
p
q
e
p/q−1
i,1
)
ei,2
]
=
N∑
i=1
si
(−αsig(si)2 − βsgn(si))
= −α
N∑
i=1
(
s2i
) 3
2 − β
N∑
i=1
(
s2i
) 1
2
(29)
Based on Lemma 3.3 and Lemma 3.4 in [30], we obtain
V˙ ≤ −αN− 12
(
N∑
i=1
s2i
) 3
2
− β
(
N∑
i=1
s2i
) 1
2
≤ −αN− 12 (2V ) 32 − β (2V ) 12
(30)
Since V > 0, V˙ < 0, following Lemma 4.1 in [30], the
convergence of (28) towards 0 is guaranteed. Thus, s = 0
will be maintained under the control law (27).
After the sliding mode surface has been reached, the dy-
namics of tracking errors ei,1 can be described by
si = e˙i,1 + ce
m/n
i,1 + de
p/q
i,1 = 0
⇒ e˙i,1 = −cem/ni,1 − dep/qi,1
(31)
Based on the stability proof of system (31) in [34], the stability
of the designed FTSM secondary voltage control can been
proved.
B. Trade-off between Voltage Regulation and Reactive Power
Sharing
The exact voltage restoration and accurate reactive power
sharing cannot be achieved simultaneously due to the line
impedance effect [23], except for a perfectly symmetric con-
figuration [18]. However, the exact voltage regulation and
6accurate reactive power sharing could compromise with each
other based on the practical circumstances. For the cases that
sensitive loads require operation at the nominal voltage or
the overloading of DGs is not the primary concern, voltage
regulation should be prioritised [17], [18], [23], [24], [36].
However, if the concerned system has low ratings of DGs,
small electrical distances between DGs or limited capacitive
compensation, the reactive power sharing needs to be main-
tained to prevent overloading [37], [38], [39], [40]. Thus,
in this subsection, the extension of the proposed secondary
control scheme is provided for the case that a trade-off between
voltage regulation and accurate reactive power sharing needs
to be achieved.
The FTSM surface (26) and the control law (27) can be
respectively modified as
si =ei,2 + ce
m/n
i,1 + de
p/q
i,1 + cqe
m1/n1
qi + dqe
p1/q1
qi
eqi =
∑
j∈Ni
aij(nQiQi − nQjQj) (32)
zi =
∑
j∈Ni
aij + bi
−1 [ ∑
j∈Ni
aijzj − αsig(si)2
− βsgn(si)−
(
c
m
n
e
m/n−1
i,1 + d
p
q
e
p/q−1
i,1
)
ei,2
] (33)
where cq, dq > 0, and m1, n1, p1, q1 are positive odd integers
satisfying m1 > n1, p1 < q1 similarly.
To express the control trade-off, the Laplacian matrix of the
distributed system is redefined as LV and LQ:
LV = LV + BV
[ei,1]N×1 = LV [yi,1]N×1 + BV [yi,1 − y0]N×1
[ei,2]N×1 = LV [yi,2]N×1 + BV [yi,2]N×1
(34)
[eqi]N×1 = LQ [nQiQi]N×1 (35)
where [∗]N×1 denotes the column vector composed of states
of all DG units. If LV 6= 0,LQ = 0, the control system
is the same as that only emphasizes voltage regulation. If
LV = 0,LQ 6= 0, the control system is the same as that
only emphasizes accurate reactive power sharing. However,
LV = 0 could lead to poor voltage regulation. Let LV =
0,LQ 6= 0,BV 6= 0, the accurate reactive power sharing is
guaranteed, while the voltages are regulated all around the
reference. Regarding this trade-off, how to select an optimal
BV would be an interesting problem, and we will consider this
by an optimization algorithm in the future work.
V. CONTROLLER IMPLEMENTATION FOR MGS
The diagram of the proposed ESKBF-based distributed
robust voltage control of MGs is detailed in Fig. 2. The
ESKBF only requires the local voltage information to observe
the corresponding information related to the inverter’s dynam-
ics. Once the observed information against disturbance and
uncertainties is obtained and transmitted to its neighbors, the
nominal control input Vni can be updated to respond to system
operation changes through the FTSM-based secondary voltage
Fig. 2. Block diagram of the proposed distributed robust FTSM voltage
control.
control law accordingly. Similarly, if the reactive power shar-
ing is considered, the control implementation should also be
modified as that analyzed in Section IV-B.
VI. SIMULATION AND EXPERIMENTAL RESULTS
In this section, to verify the effectiveness of the proposed
ESKBF-based distributed FTSM secondary voltage control
method, both simulation and experimental studies are devel-
oped. More specifically, the proposed control scheme is firstly
tested on a 4-DG islanded MG. Then, the scalability and
practical performance of the proposed method are evaluated
by a modified IEEE 37 bus system and an experimental MG
testbed respectively.
The 4-DG islanded MG, as shown in Fig. 3, is developed in
the MATLAB/Simulink and parameters are detailed in Table I.
In this 4-bus MG system, the following simulation scenario is
Fig. 3. Diagram of a 4-bus MG.
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PARAMETERS OF THE TESTED 4-BUS MG SYSTEM
DG1 DG2 DG3 & DG4
DG power ratings 40kW, 30kVar 27kW, 20kVar 20kW, 15kVar
DGs
mP 6.28× 10−5 9.42× 10−5 12.56× 10−5
nQ 0.5× 10−3 0.75× 10−3 1× 10−3
Rf 0.1 Ω 0.1 Ω 0.1 Ω
Lf 1.35 mH 1.35 mH 1.35 mH
Cf 47µF 47µF 47 µF
Rc 0.02 Ω 0.02 Ω 0.02 Ω
Lc 2 mH 2 mH 2 mH
KPv 0.05 0.05 0.1
KIv 390 390 420
KPc 10.5 10.5 15
KIc 1.6× 104 1.6× 104 2× 104
Lines
Line1 R = 0.23 Ω, L = 318 µH
Line2 R = 0.35 Ω, L = 1847 µH
Line3 R = 0.23 Ω, L = 318 µH
RL Loads
Load1 R = 4 Ω, L = 9.6 mH
Load2 R = 8 Ω, L = 12.8 mH
Load3 R = 6 Ω, L = 12.8 mH
Load4 R = 12 Ω, L = 25.6 mH
Control Parameters
c = 600,m = 13, n = 11
d = 100, p = 3, q = 5
α = 100, β = 400, vref = 311 V
designed to evaluate the performance of the proposed voltage
control strategy:
1) t = 0.0 s: simulation initialization period, when only the
primary controller is applied with constant control input
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Fig. 4. General performance evaluation of ESKBF-based distributed voltage
control: (a) noise-free environment without observer, (b) noise-containing
environment without observer, (c) noise-containing environment with ESKBF,
(d) reactive power output in the noise-containing environment with ESKBF.
Vni = 311V, and Load2 is not connected into the MG.
2) t = 1.0 s: the proposed ESKBF-based distributed robust
FTSM secondary voltage control is activated;
3) t = 1.5 s: Load2 is connected into the MG (100%
increment of the load);
4) t = 2.0 s: Load3 is decreased (50% decrement of the
load);
5) t = 2.5 s: DG4 is disconnected (plugged out);
6) t = 3.5 s: DG4 is re-connected (plugged in).
A. General Performance Analysis
To demonstrate the negative effects of ignoring measure-
ment noise when designing the controller, we simulate the
MG system operation with the controller designed without
considering the measurement noise in both noise-free and
noise-containing environments. In the noise-containing envi-
ronment, the additive measurement noise with σ2 = 0.01 is
added throughout the simulation. In the case without noise, the
controller accurately regulates the system voltage according
to the reference (Fig. 4(a)). However, as demonstrated in
Fig. 4(b), although the noise amplitude is very small, the
voltage control performance is significantly degraded, which is
mainly driven by amplification effect of the linearized model.
In the same noise-containing environment, simulation re-
sults of the proposed ESKBF-based distributed robust FTSM
voltage control are detailed in Fig. 4(c), and the corresponding
reactive power output is shown in Fig. 4(d). At the initial
phase, the secondary control is not activated, causing a static
voltage deviation. Once the proposed secondary control is
applied at t = 1 s, the voltage is restored to its reference. Then,
at t = 1.5 s and t = 2 s, the control system rapidly responds
to the change of load, and the voltage is accurately regulated
to the reference. When DG4 is plugged out and in at t = 2.5
s and t = 3.5 s respectively, the voltage restoration can be
guaranteed as well. Although some transient still occurs when
DG4 is re-connected, the voltage can be rapidly regulated to
the reference.
By employing the proposed ESKBF, the negative effects
of the disturbance can be eliminated, as shown in Fig. 5.
More specifically, the impact of ESKBF-based observer is
emphasized by the comparisons among true values, ESKBF
observed values and disturbance contaminated values that
are obtained from indirect measurement. If the MG voltage
controller operates without ESKBF, the control performance
will degrade as Fig. 4(b), where the voltage fluctuation is
undesired and unacceptable.
B. Robustness against Different Disturbance Scenarios
To illustrate the robustness of the proposed control method
against uncertainties, different levels of measurement noise,
σ2 = 0.01, σ2 = 0.1, σ2 = 1 are employed in the system.
For the sake of simplification, only ESKBF-based observation
performance of DG1 is selected, and the corresponding com-
parisons are shown in Fig. 6. Although the noise variance is
varying, the ESKBF remains effective to filter out the additive
noise. Moreover, as shown in Fig. 7(d), the proposed ESKBF-
based observer enables the voltages being accurately regu-
lated in all cases, demonstrating the robustness of proposed
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Fig. 5. ESKBF-based observer performance evaluation: (a) vodi, (b) v˙odi, (c) L2F ihi(xi).
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Fig. 6. Robustness evaluation of ESKBF-based observer: (a) noise σ2 = 0.01,
(b) noise σ2 = 0.1, (c) noise σ2 = 1.
control strategies against unknown level of bounded noise.
If ESKBF-based observer is not activated in the secondary
voltage controller, the voltages will degrade as Fig. 7(a),(b),(c)
respectively.
C. Control Performance of Distributed FTSM Secondary Volt-
age Control
To show the faster convergence of the proposed distributed
FTSM secondary voltage control, we compared it with the
existing MG distributed finite-time control law [23]. Take
DG1’s control performance as an example, the comparison
is detailed in Fig. 8, where both consensus convergence rate
and undesired control dynamics are improved by employing
the proposed secondary voltage control method, although there
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Fig. 7. Voltage control performance analysis: (a) noise σ2 = 0.01, (b) noise
σ2 = 0.1, (c) noise σ2 = 1, (d) voltage comparison of all scenarios.
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may be a slight overshoot when system operation conditions
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Fig. 9. Voltage regulation and reactive power sharing: (a) voltage regulation
without reactive power sharing, (b) accurate reactive power sharing with tight
voltage regulation around reference value.
change. It is also worth noting that during plug-in operation
at 3.5s, the control performance achieves the most significant
improvement, demonstrating the merit of the proposed control
framework in supporting plug-and-play operation.
D. Trade-off between Voltage Regulation and Reactive Power
Sharing
To show the conflict between voltage regulation and ac-
curate reactive power sharing and to demonstrate the effec-
tiveness of the proposed control framework under alternative
control objectives, this subsection compares the performance
in the noise-containing environment (load change at 2 s and
3 s; plug-and-play at 4 s and 5 s) under the control laws that
emphasize either voltage regulation or reactive power sharing.
Compared to Fig. 9(a) that only guarantees exact voltage
regulation without considering reactive power sharing, the
results in Fig. 9(b) demonstrate the feasibility to achieve the
accurate reactive power sharing with tight voltage regulation
around reference value.
E. Scalability Test
The scalability of the proposed control method is investi-
gated in the modified IEEE 37 bus system [41], as shown in
Fig. 10. Before t = 1.5 s, the 37-node MG system operates
in the islanded model with the total loads of 122.10 kW and
70.35 kVar, and DGs are controlled under the primary control
only. After t = 1.5 s, the proposed secondary voltage control is
activated. The loads of 15.75 kW and 7.88 kVar are increased
and decreased on node 2 at t = 3 s and t = 4.5 s respectively,
and DG4 is disconnected and re-connected at t = 6 s and
t = 7.5 s respectively.
As shown in Fig. 11, by applying the proposed secondary
voltage control method, the output voltages of DGs can be
regulated to the reference when load change and plug-and-play
occur. Moreover, the performance of ESKBF is similar to that
in the 4-bus MG system, so for the sake of simplification, only
the observation performance of DG1 is shown in Fig. 12.
Fig. 10. Diagram of the modified IEEE 37-bus system.
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Fig. 11. Scalability evaluation: (a) voltage magnitude, (b) reactive power
output.
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Fig. 12. ESKBF-based observer performance evaluation (DG1) of the
scalability test: (a) vodi, (b) v˙odi, (c) L2F ihi(xi).
F. Experimental Verification
To validate the effectiveness of the proposed control method
in a practical scenario, an experimental MG testbed, as shown
in Fig. 13 with three inverters has been developed to test the
control performance. The topology of the MG testbed is shown
in Fig. 14, and the parameters of the inverter are the same as
the Table I in [42] (vref = 381 V).
Two experimental cases are designed, including load change
and plug-and-play capability test. The control performance is
detailed as in Fig. 15 when load change occurs. Throughout the
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Fig. 13. Experimental testbed of the MG with three inverters.
Fig. 14. Topology of the experimental testbed.
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Fig. 15. Voltage control performance in the experimental scenario with load
change.
whole experiment, the active power load (Load3) connected at
DG3 is 3 kW. DG2 and DG3 are switched in and started up
during the periods 8.5 − 10 s and 14 − 16 s respectively. A
capacitance (50 µF ) is connected to the grid at t = 24 s,
driving the increase of the output voltages of DG2 and DG3
due to the capacitive reactive power output. The voltages of
two DGs are regulated to the reference when the proposed
secondary control is activated at t = 28.5 s. At t = 36 s, the
capacitance is disconnected from the MG, and the voltages
are restored as well. The performance of ESKBF during
this experiment is detailed in Fig. 16, demonstrating its fast
convergence tracking property.
The voltage control performance of the plug-and-play capa-
bility test is shown in Fig. 18, and the corresponding ESKBF-
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Fig. 16. ESKBF performance in the experimental scenario with load change.
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Fig. 17. ESKBF performance of plug-and-play capability test in the experi-
mental scenario.
0 10 20 30 40 50 60 70
Time (sec)
-400
-200
0
200
400
600
V
m
ag
 (V
)
DG1 DG2 DG3
20 25 30 35 40 45 50 55 60 65 70
340
360
380
400
420
Fig. 18. Voltage control performance of plug-and-play capability test in the
experimental scenario.
based observer performs as in Fig. 17. Three DGs are switched
in and started up during the periods 16− 18 s, 20− 22 s and
26 − 27.5 s respectively. The proposed secondary control is
activated at t = 32.5 s, when the voltages of three DGs start
to synchronized to the reference. The DG1 is disconnected at
t = 42 s, after a very short transient, the voltages are correctly
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restored. The re-connection of DG1 occurs from t = 61 s to
t = 64.5 s, including the re-connection of LC filter and the
re-activation of DG1 inner control loops. The corresponding
voltage restoration illustrates the effectiveness of the proposed
secondary voltage control when the plug-in process occurs.
VII. CONCLUSION
This paper proposes a distributed secondary voltage control
method for the resilient operation of an islanded microgrid,
where each inverter-based DG is modeled as an agent and
the MG is seen as a multi-agent system by using the sparse
communication network. Firstly, a Kalman-Bucy filter based
extended state observer is designed to overcome the distur-
bance caused by three different sources, namely measurement
noise, parameter perturbation and immeasurable variables. The
ESKBF locally observes the control variables that are related
to MG secondary voltage control. Then, based on the locally
observed states of the DGs and distributed communication
network, the proposed FTSM control employs nonlinear ter-
minal attractors to enhance the consensus convergence rate of
the system. Finally, the effectiveness of the proposed control
method is illustrated by simulation and experimental studies.
The proposed secondary controller has been proved to be
effective when handling different kinds of disturbance in the
MG system, but there may exist intentional and external
interference such as cyber attack and communication fault.
Thus, further investigation is required to expand this work
to tackle the problem of cybersecurity-oriented MG control
design.
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